The November 1994 eruption at Merapi volcano provided good evidence of decoupling of dome-collapse pyroclastic flows and of large-scale detachment of an ash-cloud surge (ACS) component from the basal block-and-ash flow (BAF). Timing and stratigraphic relationships of the largest 1994 ACS indicate that this escaped from the valleys, travelled well ahead of the BAF, arrived at the termination tens of seconds before it and deposited a discrete ACS deposit beneath the BAF unit. This suggests that the ACS detachment mostly occurred relatively high on the volcano slope, likely at the foot of the proximal cone. Later pyroclastic flow eruptions in January 1997 and July 1998 also showed evidence of ACS detachment, although to a lesser extent, suggesting that ACSs could be a frequent hazard at Merapi volcano. Based on an extensive review of the available literature and on field investigations of historical deposits, we show here that flow decoupling and ACS detachment in the way inferred from the 1994 eruption is a common process at Merapi. The ACS-related destructions outside valleys were frequently reported in the recent past activity of the volcano, i.e. in at least 16 pyroclastic flow eruptions since 1927. Destruction occurred systematically in eruptions where maximum runout of the BAFs was 6.5 km or more, and occurred rarely for BAF runouts of 4.5 km or less. The ACS deposits have been recognized beneath some valley-filling BAF units we attribute to some recent destructive eruptions, i.e. the 1930, 1954, 1961 and 1969 eruptions. Topographic conditions at Merapi volcano favouring ACS detachment include: (a) the high slope (30°) of the proximal cone, leading to high proximal velocities of the pyroclastic flows and thus to the transfer of large amounts of particles into the ash cloud; (b) the strong break in slope at the foot of the proximal cone, where the velocity of the basal BAF is strongly reduced and a major ACS component is thought to form and detach by shearing over the BAF; and (c) the small depth of most valleys in the first kilometres beyond the foot of the cone, which allows minor ACS components to escape from the valleys during travel of the BAF; however, flow decoupling and ACS detachment occur for only some of the numerous pyroclastic flows that follow the same path in a given eruption. This indicates that topography alone cannot lead to flow decoupling. We suggest two factors that control flow decoupling and its extent. The main one is flow volume (and thus flux, as both are correlated in almost instantaneous, domecollapse events), as suggested by the observed relationship between flow decoupling and the travel distance of the pyroclastic flows. The second factor is the amount of available ash in the flow at its early stage, which influences the mass and thus momentum of the ash cloud. The amount of ash in the pyroclastic flows of Merapi may depend on several factors, among which are (a) the physical and thermal state of the part of the active dome that collapses, and (b) the proportion of older, cold rocks incorporated in the flow, either by undermining of surrounding summit rocks by the current pyroclastic flow activity or by erosion on the upper slopes.
Introduction
The general view since Lacroix (1904) has been that small-volume pyroclastic flows consist of two distinct parts, a high-concentration basal avalanche and an overriding expanded ash cloud. These have quite different flow properties. Textural characteristics of the deposits support interpretation of the basal avalanche as a highly energetic inertial and densitymodified grain flow (e.g. Nairn and Self 1978; Boudon et al. 1993) , whereas the dilute ash cloud is essentially a turbulent suspension. Turbulence in the ash cloud is likely generated mainly from saltating particles at the upper surface and front of the basal avalanche (Denlinger 1987) . It has further been proposed that the two flow components may, under some circumstances, separate from each other and then move independently (e.g. Crandell and Mullineaux 1973; Sheridan 1979; Fisher 1979 Fisher , 1995 . Theoretical modelling of the turbulent ash cloud also predicts that this can decouple from the basal flow and surge ahead of it, given some threshold conditions of slope or cloud density (Denlinger 1987) . Evidence of detachment of an "ash-cloud surge" component from a pyroclastic flow has been provided by direct observations of active flows at Mount St. Helens (Hoblitt 1986) , or has been inferred from the distributions of surge facies and surge-related destructions from well-identified pyroclastic flow events, e.g. at Santiaguito (Rose et al. 1977) , Ngauruhoe (Nairn and Self 1978) , Mount St. Helens (Mellors et al. 1988) and Unzen (Nakada and Fujii 1993; Yamamoto et al. 1993) . In this paper we use the term "nuée ardente" (after Lacroix 1904) as a general, descriptive term encompassing both pyroclastic surge and pyroclastic flow of current terminology.
Given its implications for hazards assessment, we address herein flow decoupling and detachment of ash-cloud surges in the case of Merapi volcano (central Java, Indonesia). Merapi ( Fig. 1 ) has had almost continuous dome-forming activity for the last centuries and is known to be very hazardous because of frequent dome-generated pyroclastic flow eruptions. Evidence for surge detachment has been recently demonstrated in the November 1994 nuée ardente eruption, based on associated block-and-ash flow (BAF herein) and ash-cloud surge (ACS) deposits and on extensive surge-related destructions (Bourdier et al. 1997; Abdurachman et al. 2000; Kelfoun et al. 2000) . More recent field investigations by the authors after the January 1997 and July 1998 nuée ardente eruptions also indicated the occurrence of surge deposits and surge-related destructions outside the BAF-filled valleys. There is thus evidence from the most recent activity of Merapi that flow decoupling and detachment of ash-cloud surges may be a common hazard at Merapi. This is somewhat in contrast to the generally held view of Merapi as a reference volcano for mild, low-energy and valley-confined pyroclastic flows formed by poorly explosive dome-collapse activity. In this paper we first review the information about the process of flow decoupling and ACS detachment gained from the 1994 and later eruptions. We further provide evidence that pyroclastic flow events involving ACS detachment frequently occurred in older activity, based on an extensive review of the available literature and on field investigations of historical deposits. We then discuss the possible mechanisms and conditions required for ACS detachment, in search for some predictive criteria to assess hazards from ash-cloud surges in the future.
Evidence for flow decoupling in the November 1994 eruption
A condition for assessing precisely the detachment process of ash-cloud surges is that a specific pyroclastic flow event can be isolated, so that the ACS component can be unambiguously related to its cogenetic BAF. Such an unequivocal relationship may be difficult to establish in pyroclastic flow eruptions where tens of pyroclastic flows may occur within a few hours, as is commonly the case at Merapi. The resulting stratigraphic sequence commonly consists of the vertical aggradation of numerous emplacement units of comparable lithological composition, so that any ACS unit, if present, cannot be easily correlated with a cogenetic BAF unit. Also, the destruction area may be the compound effect of several surges, the individual distribution of each being difficult to decipher. Such difficulties could be overcome in the case of the 22 November 1994 eruption, since all of the more than 60 pyroclastic flows travelled less than 4.5 km down the south-southwest flank, except one at 10:54 local time that bypassed the twinned hills of Plawangan and Turgo and reached a distance of 6.5 km in the Boyong valley. The destruction and deposits beyond 4.5 km in the Boyong valley and adjacent areas can therefore be wholly attributed to this largest pyroclastic flow. This allowed the relationships between the ACS and BAF components of a single pyroclastic flow to be evaluated in this area (Abdurachman et al. 2000) .
The impact of this pyroclastic flow was severe, parts of the villages of Turgo and Kaliurang, located outside the Boyong valley at ca. 40 m above the valley bottom, being destroyed (Fig. 2) . In the bottom of the valley, the basal avalanche deposit was 3-4 m thick, contained numerous metre-sized boulders, and had a planar surface and massive internal texture typical of valley-filling "Merapi-type" block-and-ash-flow deposits. By contrast, only approximately 5 cm of ash-sized material, containing scattered lapilli up to 2 cm, were reported in the destroyed parts of Turgo and Kaliurang villages just after eruption. Non-reworked remnants of this deposit observed months after the eruption were poorly sorted, medium-sized ash a few centimetres in thickness. They contained clots of soil and outsized, weathered accidental clasts picked up from the ground. Survivors inside the destroyed parts of Turgo and Kaliurang were mostly injured by surficial skin burns. They reported having been suddenly enclosed within a dark cloud that was flowing from the summit direction and contained numerous particles, some of them giving burning impacts on exposed parts of the body, whereas the air of the cloud was much less hot. They described particles as being like "bees flying from all around". There was major, although irregular, mechanical damage in the destroyed parts of Turgo and Kaliurang, including toppled masonry walls, demolished bamboo huts and uprooted trees. The overall evidence indicates that the area was caught in a violent pyroclastic surge. This must have developed as part of the pyroclastic flow that deposited the block-andash flow facies in the valley bottom, and in this respect it can be termed an ash-cloud surge.
The stratigraphic relationships between the ACS and BAF facies further indicate that the ACS travelled and deposited ahead of the valley-confined BAF (Bourdier et al. 1997; Abdurachman et al. 2000) . Beyond the Plawangan and Turgo hills, the BAF facies in the Boyong channel is underlain by a discrete thin ash layer, which is only 1 cm thick near the front of the BAF facies. This ash layer directly overlies the palaeosol and is present only locally, suggesting that it has been eroded in many places by the BAF. It necessarily correlates with the surge unit at Turgo village. Above the Plawangan-Turgo pass in the Boyong valley, lateral equivalents of this ash layer are found locally beneath the block-andash flow facies in the form of a 5-to 10-cm-thick horizon of poorly graded and poorly sorted, openwork medium-to-coarse ash with scattered lapilli as large as 5 cm. This well-defined horizon contains soil clots, abundant uncharred to charred wood, and larger, variously charred broken branches that pierce into the overlying BAF facies. Lateral equivalents of this horizon occur in the devastated area outside the valley margins as a surge layer with similar texture, lithological composition and grain size. The only difference is that the surge facies outside the valley is slightly thicker (typically ca. 20 cm) and has an upper laminated part that is lacking in the valley channel. The stratigraphic evidence thus indicates that the surge was sufficiently ahead of the BAF in the Boyong channel to deposit 5-10 cm of surge material. The upper part of the surge deposit outside the valley is apparently lacking in the channel, either because there was not enough time for deposition before the BAF overran the deposit, or because of erosion of the upper parts of the surge deposit by the BAF, or for both reasons. Fig. 2 . Map of the destruction area by the November 1994 nuées ardentes, with generalized orientations of the blow-down trees (adapted from Kelfoun et al. 2000, their Figs. 3, 7) . Long lines refer to destruction by the main, "cone-derived" ash cloud surge (ACS), whereas the shorter lines on the sides of the Boyong valley relate to minor and later "valley-derived" ACS components (see text for discussion). Locations of grain-size samples of Fig. 5 The stratigraphic observations suggest that the surge cloud was already well ahead of the channelled block-and-ash flow at 3.5-4 km horizontal distance from the summit. Further evidence suggesting that decoupling of the flow occurred high on the volcano flank is given by the pattern of tree orientations in the extensive tree-blow-down zone. Statistical data on tree orientations (Kelfoun et al. 2000) show that at 1500 m a.s.l., i.e. the pre-eruption vegetation boundary, the direction of the blow-down trees already diverged from the local direction of the Boyong valley. This suggests that decoupling of the pyroclastic surge occurred, or at least began, above 1500 m a.s.l., i.e. within 3 km horizontal distance from the summit.
The time delay between the arrival of the ACS and BAF at a given point must have increased with distance from the summit for two reasons, firstly because of the higher velocity of the surge over most of the travel distance, and secondly because the BAF had to follow the tortuous path of the Boyong channel, whereas the surge travelled along a more direct, shorter path. To give a rough figure, assuming 40 MS -1 (Kelfoun et al. 2000) and 15 MS -1 average velocities for the ACS and BAF, respectively, between 3 and 6.5 km horizontal distance from the vent, the ACS would have arrived in the Turgo-Kaliurang area more than 2 min before the BAF. Eyewitnesses located in Kaliurang and vicinity reported two successive clouds, one that overtopped Turgo hill and went into Turgo village, and the second one which was focused in and above the Boyong valley and descended further along the valley, consistent with the aforementioned scenario (Abdurachman et al. 2000) . There is much discrepancy in the delay between the two clouds reported by eyewitnesses, as estimates vary from tens of seconds to several minutes.
In the January 1997 and July 1998 eruptions, the thermal effects and mechanical destructions observed outside the valleys were comparable in nature with those of 1994, although of different extents and magnitude. Poorly sorted, mostly ash-sized deposits comparable with the 1994 ACS deposits were also found in both eruptions, their extent coinciding within the destruction area in each case. Correlative ACS-type layers also occurred interstratified with the BAF units in the valleys. There is thus good evidence in both the 1997 and 1998 eruptions that destructions were due to pyroclastic surges like in 1994; however, we found no factual evidence allowing us to relate with certainty any ACS deposit/event to its BAF counterpart.
Evidence for flow decoupling in older eruptions
Evidence from eruption reports: assessment of destructive impact by ash-cloud surges since 1927
Despite the fact that nuées ardentes at Merapi are commonly valley-confined flows, destruction outside valleys have been sometimes reported in the volcano's recent history, with human losses in some cases. In the 18-19 December 1930 eruption 1369 people were killed by the nuées ardentes, most of them in villages outside the valleys; however, the significance and origin of destruction by nuées ardentes at Merapi have been poorly addressed in the literature. Moreover, no major destruction had occurred for more than 20 years prior to 1994, so that the destructive surge event of 22 November 1994 could be viewed at the time by some as a most unusual and unexpected phenomenon. In order to better assess the frequency of destructive nuées ardentes in the past, and their possible links with eruption parameters such as the explosivity and travel distance of the nuées, we made an extensive review of the available literature on the recent activity of Merapi (Table 1 ). This compilation goes back not earlier than the 1930 eruption, because Merapi's activity has only been continuously reported since 1927, when regular publication of the Bulletin of the Netherlands East Indian Volcanological Survey was established. , with available information about destructions. Numerous nuées ardentes with smaller travel distances occurred in the same period, but virtually none were related to reported destruction outside the valleys, from which we infer they were not associated with significant "ash cloud surges" with smaller travel distances occurred in the same period, but vira Two values indicate day interval during which the considered nuée ardente activity occurred b The greatest runout in valleys (as reported in the literature or derived by the present authors from distribution maps given in the literature), of the several nuées of the eruption. Two values reflect discrepancies between references c Name of the river/valley where the runout was maximum d Explosivity refers to information and/or inference given in the literature about whether an explosive component was involved in the generation of the largest nuée of the episode, or not (apparently passive dome collapse in the latter case). This is thus not based on the present authors' own inferences (see text for further comments). ? indicates some uncertainty reported in the literature or discrepancies between references. No/yes indicates that some nuées were interpreted as linked to explosive events and others not, with the status for the largest nuée being not positively mentioned e Refers to mechanical destruction of the vegetation on the plateaus and ridges, i.e. outside valleys, as positively indicated in the literature </table
Only relatively large nuées ardentes are mentioned in Table 1 , i.e. those corresponding to a maximum travel horizontal distance of 5.5 km or more. Twenty-three such events have been recorded since 1930, of which at least 16 have been accompanied by reported (even if restricted) mechanical destruction of the vegetation outside the valleys, and five caused human deaths. The evidence thus clearly indicates that destruction outside valleys are commonly achieved by nuées ardentes of sufficient size at Merapi. The data of Table 1 indicate that all nuées beyond 6.5 km in the valleys are associated with destruction outside the valleys. Nuées with distances in the range 5.5-6.5 km are accompanied by either no (1984), almost no (1956 and 1976) or significant (1994) destruction. By contrast, destruction is not positively reported in the literature for the numerous nuées (not listed in Table 1 ) having had travel distances of 4.5 km or less during this period, except in February 1934 (Stehn 1935) and on 30 November 1981 (Pardyanto 1981 . This probably reflects in part the fact that the upper slopes of the volcano were less densely vegetated or even bare at the time of the eruptions, thus limiting destructive impact; however, the available evidence suggests a correlation between the destructions of vegetation outside the valleys and the travel distance of the pyroclastic flows in valleys.
The available information on destructive effects and areas of destruction in the past eruptions since 1930 is summarized in Table 1 . The comparative extents of the destruction areas for some of those eruptions are shown in Fig. 3 . Descriptions of destruction effects systematically involve scorched and dried vegetation, and in some cases broken, blown-down or uprooted trees. Destruction mostly develops along valley(s) followed by the pyroclastic flows; only in the areas of greatest destruction does it extend far from the valleys (1930, 1961, 1969) . The evidence thus suggests that destruction is due to some hot, dilute currents, i.e. pyroclastic surges. It also suggests, in most cases at least, that these surges are not vent-generated currents expanding radially from the summit area, but are in close connection with pyroclastic flows following the valleys.
The destruction effects were not reported in the literature in much greater detail than what is given in Fig. 3 and Table 1 . A notable exception, however, is the largest eruption of the list, that of 18-19 December 1930, whose destructive effects were documented in detail by Neumann van Padang (1931a , 1931b , 1933 . His main observations and inferences are as follows:
1. The destruction area (more than 20 km 2 ; Fig. 4 ) included tree blow-down, scorched and singe zones, and extensive, but irregular, damage to bamboo constructions. Transition between completely destroyed and unaffected areas was locally narrow. Only a few human bodies in the destruction area showed scorching and burns; most were only dessicated. Fallen trees were often aligned, indicating local flow directions, and tree trunks were mostly charred on the eastern side facing the summit. 2The destructions were linked to the emplacement of nuées ardentes in valleys. The final destruction was the compound result of several nuée ardente events, but only some largest nuées in terms of travel distance contributed destruction, especially the largest nuée, of 7:30 p.m. on 19 November, which travelled 12-13 km in the Blongkeng valley and greatly enlarged the destruction area (Fig. 4) .
3The destruction area was covered by centimetres to decimetres of mostly sand-sized, initially hot (locally ca. 100°C 1 month later) tephra, whereas the valleys were partly filled by metres to tens of metres of block-and-ash material. Neumann van Padang (1933, pp 29-42) reported some local thicknesses of tephra outside the valleys (up to 80 cm; Fig. 4 ). Thicknesses overall tend to decrease with distance from the summit but do not simply depend on distance from the summit, maximum reported thicknesses being on sides of the Blongkeng valley. A few centimetres of ash also occurred locally outside the destroyed area, e.g. north of the Senowo valley.
Evidence from historical ash-cloud surge deposits
Nuée ardente deposits older than 1984 were not hitherto identified at Merapi (Boudon et al. 1993) . We made field investigations looking for deposits from the 1930-1984 period, in a search for possible stratigraphic relationships between BAF and ACS facies that would support a flow-decoupling process similar to that of 1994. We locally identified channel-fill deposits we can reliably attribute to several of the recent eruptions, namely , 1954 , 1961 and 1969 Abdurachman et al. 1998) . Our attribution of the deposits to specific eruptions is based on the deposit distributions reported in the literature (Figs. 2, 3 ), lithological and petrological similarities of products in different valleys affected by the same eruption, inter-eruption lithological differences and stratigraphic correlations.
We recognized valley-confined deposits from the 1930 eruption in the Senowo, Lamat, Blongkeng-Putih and Batang valleys (Fig. 4) . Only one BAF unit is exposed in each section, the basis of which is not exposed except at one section in the Blongkeng valley, 8 km from the summit (M35 in Fig. 4 ). Only two nuées ardentes, at ca. 11:00 a.m. on 18 December and ca. 7:30 p.m. on 19 December are likely to have reached the distance of 8 km in this valley (Neumann van Padang 1933) . The single BAF unit of section M35 most likely relates to the largest one, of 7:30 p.m. on 19 December, which is known to have reached 12-13 km in the Blongkeng valley. A lenticular, poorly sorted and fine-grained layer a few millimetres in thickness occurs between the BAF unit and the underlying palaeosol at section M35. In the context of the eruption, this layer is most likely an ACS deposit. Given the section location, which is far beyond the area destroyed on 18 December (Fig. 4) , this ACS deposit likely relates to the 7:30 p.m. pyroclastic flow of 19 December, i.e. to the same pyroclastic event as the overlying BAF unit.
Nuée-ardente deposits from the 1954 eruption have been identified at one section in the Apu valley, 4 km from the summit (Fig. 3) . Five superposed BAF units are exposed there. An ACS-type unit is interstratified between the lowermost BAF unit and the underlying palaeosol. Its lower part consists of 0-4 cm of coarse, poorly sorted sand and scattered lapilli up to 5 cm in diameter, containing unscorched twigs, and having an erosive lower contact with the palaeosol. This layer is overlain in transitional contact by 2 cm of fine, apparently unstratified ash without accretionary lapilli. In the 1994 ACS units, such a two-layer stratigraphy, was found on the interfluves and beyond the BAF deposits in the channels, whereas beneath the BAF facies in the Boyong channel, only the coarser lower layer occurred. Abdurachman et al. (2000) suggested that the presence of a finer-grained ACS top outside the valley and its absence beneath the BAF deposit in the valley may reflect the fact that the emplacement of the block-and-ash flow occurred before the fines had time to settle out from the surge, giving in this case an indirect argument for the ACS and BAF facies belonging to the same flow. By contrast with the 1994 example, the presence of a fine-grained ACS top beneath the BAF facies in the 1954 section may suggest that the basal ACS unit of this section was not related to the flow that emplaced the overlying BAF unit. Alternative possibilities are that the ACS unit was emplaced either by a discrete, vent-generated pyroclastic surge, or by an ash-cloud surge developed from a block-and-ash flow that stopped at higher elevation (the latter hypothesis contradicts the suggestion from Table 1 that BAFs smaller than 4.5 km lack any associated ACS); thus, no conclusive evidence is provided for the decoupling process in this case. Nevertheless, the presence of surge facies at ca. 4 km from the summit in the Apu valley is indirect evidence that the reported 1954 destruction outside the Apu valley was due to surge emplacement. This is consistent with reports of a few centimetres of a mixture of coarse and fine ash in the destroyed villages after the eruption (Djaetikoesoemo 1955) .
Deposits from the 1961 eruption have been identified in the Batang, Bebeng and Lamat valleys (Fig. 3) . They are best exposed in the Batang valley, where a single 1961 BAF unit can be more or less continuously traced between 8 and 10 km from the summit. In most sections the BAF unit is separated from the pre-eruptive basement by 1-2 cm of poorly sorted, crudely stratified, fine-to medium-sized ash, having locally an erosive lower contact with a palaeosol. Nuées ardentes occurred many times in 1961, especially in April to May and in November; however, only one on 8 May reportedly travelled farther than 9 km, reaching 12 km in the Batang (Suryo 1981) . Thus, the BAF unit and underlying ash layer are likely to have been both deposited by the same 8 May nuée. The destructions due to this largest 8 May nuée were not specifically described in early reports (Suryo 1981) . However, destruction in 1961 beyond 9 km (Fig. 3) should logically be due at least in part to this nuée. We infer that a surge component of the largest 8 May nuée contributed to destruction beyond 9 km and is recorded in the deposits as the discrete, surge-like ash layer. The stratigraphic evidence further suggests that this surge component was emplaced and deposited ahead of the blockand-ash flow, in the same way as in 1994.
Nuée ardente deposits from 1969 have been identified in the Sat and mainly Bebeng valleys. The 1969 BAF deposits are lithologically distinctive from the 1961 deposits, and at one section in the Bebeng valley they have been observed overlying the 1961 deposits, separated from them by a thin palaeosol. Along the Bebeng 1969 deposits are discontinuously exposed between 5.5 and 9 km from the summit, and comprise either one or two BAF units, depending on the location. A discrete, poorly sorted, normally graded ash layer, 1-3 cm thick, occurs at four sections, directly above the pre-eruption basement and beneath the BAF deposits. It consists of mostly silt-sized ash with scattered lapilli up to 5 mm in diameter. The travel distances achieved imply that the 1969 deposits under consideration here could have been emplaced only by the 7-8 January activity, and likely include the largest nuée, that of 04:15 on 8 January (Suryo 1985; Hadikusumo 1971; Smithsonian 1970) . The basal ash layer likely represents the deposit of surge material responsible for the destructions reported aside the Bebeng valley as far as 11.5 km from the summit ( Fig. 3; Suryo 1985) ; however, the uncertainties about the number of nuées that travelled more than 6 km in the Bebeng valley on 7-8 January prevent us from relating the surge layer to any specific BAF.
In summary, discrete ash layers having sedimentological characteristics comparable with the 1994 surge facies were recognized in the 1930, 1954, 1961 and 1969 deposits. Such layers have been found within the areas of destruction reported for each eruption. We infer that the deposits and destruction resulted from ash-cloud surges. Because the destruction was mostly restricted to the vicinity of valleys followed by the block-and-ash flows during those eruptions, the surges were very likely derived from block-and-ash flows (i.e. were ash-cloud surges) rather than being independent, vent-generated events. Each observed ACS-type layer has a sharp, erosive lower contact (not readily shown in the 1930 case at section M35), whereas the upper contact with the overlying BAF unit is transitional, consistent with the foregoing inference. The ACS-type facies was found only in valleys, beneath the BAF valleyconfined facies. This is likely because this is the best location for such thin deposits to be preserved. By reference to the 1994 eruption, we presume that the ACS facies once covered the whole destroyed area in each eruption, but was largely washed away by erosion soon after the eruptions, except where it was preserved beneath BAF deposits.
The stratigraphic position of the 1930, 1954, 1961 and 1969 ACS layers is similar to that of the 1994 ACS layers, i.e. beneath and in transitional contact with an overlying BAF unit. This makes it possible to infer that a similar process of flow decoupling and detachment of the ACS ahead of the block-and-ash flow operated in all eruptions, which would allow us to generalize the model described above for the 1994 eruption. However, a direct proof of this would require timing constraints indicating that the ACS and overlying BAF deposits were emplaced within seconds to minutes, i.e. were generated from the same flow event. Such timing constraints are lacking for the 1954 and 1969 cases, whereas in the 1930 and 1961 cases, the ACS and BAF units described above are likely to represent subfacies of the same pyroclastic flow.
A detailed description of the sedimentological and lithological characters of Merapi's ACS deposits and comparison with their associated BAF deposits, are beyond the scope of this study. We have systematically sampled only the 1994 deposits. Virtually all material is fresh, poorly vesicular lava consistent with an origin by dome collapse. Some measured sections and lithological data about the 1994 deposits are given in Abdurachman et al. (2000) . We additionally provide here grain-size histograms of representative 1994 ACS samples (Fig. 5) . 5 . Grain-size histograms of representative samples of 1994 block-and-ash flow (BAF; M10) and ash cloud surge (ACS; all others) deposits. The 1994 ACS deposits within 4.5 km from the summit consist of two stratigraphic units (upper and lower, UACS and LACS), each of which consisted of a lower bed LB (massive) and an upper bed UB (laminated; Abdurachman et al. 2000) . The samples herein refer to those layers as follows: LACS-LB (M25.1; M52.1); LACS-UB (M25.2; M18.1; M52.2); UACS-LB (M6.1; M7.1; M18.2); and UACS-UB (M18.3). Lower right: sorting vs mean grain-size calculated by the moment method for the 1994 ACS samples (white dots) and the M10 BAF sample (black dot). The two finest grained samples are affected by large uncertainties in the calculations due to large amounts of fines (below 32 μm) in the sieve pan
Discussion

Geological constraints on the process of flow decoupling at Merapi
The origin of the reported destructions in pre-1994 eruptions of Merapi had hitherto been poorly discussed, except by Neumann van Padang (1933) regarding the 1930 eruption. Neuman van Padang (1933) concluded that the 1930 destructions were due to ash clouds, and that these were linked to the valley-filling block-and-ash flows instead of being independent pyroclastic events, based on several lines of evidence: (a) the correspondence in time between the emplacement of the block-and-ash flows and the destruction; (b) the shape of the destruction area showing this was partly controlled by the valleys; and (c) the grade of destruction not varying consistently with distance from the summit area, but with distance away from the valleys. All reports on later Merapi eruptions until 1994 apparently relied on Neumann van Padang's interpretations and similarly attributed the observed destruction to ash clouds associated with valley-channelled pyroclastic flows. Our analysis of the available literature is consistent with this conclusion.
Neumann van Padang further suggested (1933, pp 80-81) that the ACS component of the 1930 nuées ardentes did not precede the BAF but developed in its trail, at variance with the model of ACS detachment ahead of the BAF that we have inferred from the 1994 example. The evidence given by Neumann van Padang is as follows:
Observations by Volcanological Survey personnel at Maron observation post (near the
Blongkeng valley) on 18 December between 8 and 9 a.m., indicating that no pyroclastic cloud arrived, nor any pyroclastic material fell, before the flow passed in the valley, whereas on the contrary an ash cloud was still visible after the flow had passed in the valley, i.e. behind it (Neumann van Padang state elsewhere that the nuée of that time hardly bypassed Maron and travelled ca. 6 km). 2. Reported fallout of fine ash in areas as remote as Yogyakarta, 30 km from the volcano, well after the large pyroclastic flow events. 3. Repeated observations that the BAFs travelled in valleys beyond the radius of the coeruptive destruction area.
We consider that points (2) and (3) The stratigraphic evidence provided by historical pyroclastic sequences, on the other hand, is consistent with the process of flow decoupling exemplified by the 1994 eruption. We suggest that destructive surges in the recent past formed by a flow decoupling process similar to that of 1994, i.e. involving detachment of the ACS at close range from the summit, then its travel over the landscape along relatively straight paths, sufficiently ahead of the BAF to deposit a discrete surge-type layer beneath the BAF unit in valleys.
Decoupling process and influence of topography on the detachment of ash-cloud surges at Merapi
We follow here the analysis by Denlinger (1987) that the ash-cloud component of a pyroclastic flow is generated primarily as a turbulent boundary layer by air drag at the front and upper surface of the basal avalanche. This assumption implies that other proposed processes for development of the ash cloud, such as fluidization by gas emitted by the pyroclasts and thermal convection, are of second order. In this respect, pyroclastic flows are comparable to other natural gravity flows on a slope for which the development of a turbulent upper particle suspension has also been explained by drag of the ambient medium, such as powder snow avalanches (e.g. Beghin 1979; Mellors 1979) and subaqueous debris flows (e.g. Hampton 1972) . At Merapi volcano, the proximal cone has a slope of ca. 30° within 1.5-km horizontal distance. This steep slope favours high-flow velocities, which in turn favour the transfer of particles into the ash clouds (Denlinger 1987) , contributing their mass and momentum. There is no available data on the velocities of the Merapi flows on the steep proximal cone. A plausible figure may be taken from Stith et al. (1977) who derived velocities of the order of 50 MS -1 from timed photographs of a dome-collapse flow at Augustine volcano, on a similar 30° slope.
For large-scale detachment of the upper cloud from the dense basal part to occur, a significant velocity differential, allowing the cloud to accelerate ahead of the underflow, is required. At Merapi there is a major break in slope at the base of the proximal cone, as the slope decreases to 14° between 1.5-and 2-km horizontal distance. A bit above the break in slope, there is 100-m-high cliff along the Boyong channel. Kelfoun et al. (2000) emphasized the potential role of this cliff in the decoupling of the 1994 ash-cloud surges, suggesting that, as the flow went over the cliff, large amounts of ash were transferred to the cloud, which then accelerated ahead of the flow. We agree that the Boyong cliff is a favouring topographic feature for flow decoupling in the way proposed by Kelfoun et al. (2000) ; however, flow decoupling occurred at Merapi along other channels where no similar cliff is present (e.g. the Krasak valley in 1994). We suggest that more generalized topographic conditions favouring flow decoupling and detachment of ash-cloud surges could be the pronounced break in slope at the base of the proximal cone. There, the basal avalanche is expected to strongly, and continuously, reduce its velocity, eventually through a hydraulic jump that would lead to the transfer of an additional amount of particles into suspension. Conditions may be met there for significant volumes of the upper cloud to outrun the denser basal part of the flow. The assumption in this view is that the velocity of the basal grain flow is more reduced by the slope decrease than is that of the turbulent cloud. Nairn and Self (1978) similarly inferred that detachment of ash clouds from basal avalanches in the 1975 nuées ardentes of Ngauruhoe volcano, New Zealand, occurred at the base of the cone in response to slope decrease. In the case of the Merapi 1994 nuées, the pattern of tree orientations (Kelfoun et al. 2000) indicates that surge detachment occurred mainly at the base of the cone, but as this coincides approximately with the location of the cliff above the Boyong, the tree orientations are consistent by both the interpretation of Kelfoun et al. (2000) and ours.
Beyond the foot of the cone, on the south and west flanks that have been the most affected by nuées ardentes in the recent past, the valleys are poorly incised. The heights of the valley walls slightly increase with distance, from typically a few metres at the foot of the cone to less than 20 m at 4 km horizontal distance. The small section of the valleys makes it difficult for them to accommodate the influx of the block-and-ash flows as they reach the foot of the cone, which likely favours blocking of the BAFs, slows them down and eventually leads them to spill out of the valleys, as indicated for instance by the occurrence of 1994 BAF facies on the plateau between the Krasak and Boyong valleys (Fig. 2) . The small section and depth of the valleys appear also favourable for ash-cloud surge components to escape from the valleys. Support for this was suggested in 1994 by a later population of fallen trees found on both sides of the Boyong valley. Those trees had directions pointing to the valley and covered already fallen trees whose directions were essentially radial to the foot of the cone (Kelfoun et al. 2000) .
The 1994 tree orientations thus suggest two sites for the detachment of ash-cloud surge components, i.e. (a) the foot of the cone, where the main ACS component originated ("conederived" ACS component), and (b) the valley, from which minor "valley-derived" ACS components continued to feed the ash-cloud surge. More speculatively, the 1994 tree patterns might allow constraints to be placed on the duration of the main surge detachment at the base of the cone in 1994. An interesting feature of the data reported by Kelfoun et al. (2000) is that fallen trees related to the valley-derived surge components are found only between ca. 1350 and 1100 m a.s.l., and are absent between 1650 and 1350 m a.s.l. The tree pattern observed between 1650 and 1350 m apparently relates entirely to the cone-derived surge component. The fact that the effects of the valley-derived surges are not visible above 1350 m might signify that, as the BAF front was travelling between 1650 and 1350 m, the more energetic cone-derived surge was still passing above it and was incorporating the valley-derived clouds. As the BAF front was at 1350 m and below, the whole of the energetic cone-derived surge had already outrun it. The distance from 1650 to 1350 m a.s.l. being ca. 1.5 km, taking realistic velocities of 20 and 50 MS -1 for the BAF and cone-derived surge, respectively, in this portion of their travel, the maximum duration for generation of the cone-derived surge would be 45 s, a plausible figure.
In summary, flow decoupling and detachment of ash-cloud surge are to be considered a more or less continuous process over a certain distance and a certain duration. We suggest that a most favourable site for this process to occur on a large scale is the foot of the proximal cone; however, this much likely continues beyond the foot of the proximal cone, from above the valleys. The general scenario we envision for the detachment of ACS components at Merapi is summarized in Fig. 6 , based on the 1994 example. Fig. 6A-E . Sketch of our model of flow decoupling and ash cloud surge detachment at Merapi, based on the November 1994 example. True topographical profile (no vertical exaggeration) in the azimuth of the Boyong valley, with vertical elevations and horizontal distances in kilometres. A The nuée ardente is initiated by nonexplosive, gravitational collapse of part of the dome. Internal pore pressure and brittle behaviour of the dome material allow rapid fragmentation of the dome and the fragments quickly organise into a coherent pyroclastic flow. Gravitational settling of the particles and saltation-related processes (Denlinger 1987 ) develop a highconcentration basal avalanche (BAF) and a dilute turbulent cloud. This bipartite flow accelerates on the steep slope of the proximal cone, i.e. within the first 2 km horizontal distance, and likely reaches some terminal velocity. B The BAF is then drained into the valley channel and remains confined within it. Beyond 2 km from the summit, an ash cloud surge (ACS) is already detached from the block-and-ash flow and begins to move ahead of it. C The detachment of the "foot-derived" ACS component continues at most for the time the whole length of the BAF crosses the foot of the cone. By this time, the front of the ACS is well in advance of the front of the valley-confined BAF. Minor "valley-derived" ACS material contributes the ACS. This progressively deposits material (thicker black line) along its path, with deposition likely occurring at decreasing rate during the time the surge passes over a given point. With increasing distance, the surge deposit tends to decrease in thickness through the decrease of the depositional rate. On the other hand, the delay between the surge and the block-and-ash flow increases with distance, leaving more time for surge deposition. There is thus competition between the rate and duration of deposition from the surge. In proximal areas, it can be anticipated that the surge deposit in the valley is thinner than on adjacent ridges. D The ACS decays with distance by deceleration and sedimentation, until it comes to an end when it becomes less dense than air and lifts from the ground (at 6.5 km horizontal distance in this case). The BAF then continues its travel in the Boyong channel, covering and partially eroding the ACS deposit on its path, while lower-energy ash cloud components from its upper part escape from the valley walls and contribute to the tail of the ACS. In the distal part of the travel, the cloud above the BAF pierces through the already partially cleared ACS cloud. E The BAF decelerates under the effects of internal and external frictions and of progressive decrease of the channel slope, and its front finally stops (at 6.5 km horizontal distance in this case), leading to freezing "en masse" of the whole BAF. The almost same travel distances of 6.5 km for the ACS and BAF components in this case are considered to be coincidential (the BAF actually travelled ca. 100 m more than the ACS in the Boyong valley, but in the Krasak valley the ACS travelled more than 1 km farther than the BAF; Abdurachman et al. 2000) . The above scenario is similar in many respects to that reported by Hoblitt (1986) , particularly regarding the detachment and travel of an ACS component ahead of the high-concentration flow. Hoblitt (1986) anticipated the deposition of the ACS ahead of the highconcentration flow, which is confirmed by stratigraphical evidence at Merapi
Control of eruptive and flow parameters on flow decoupling
Only two of the many (more than 60) nuées ardentes that descended the same slope and crossed both the cliff and the main breaks in slope in the Boyong direction on 22 November 1994 generated large ash-cloud surges (Abdurachman et al. 2000) . It is concluded that flow decoupling is not primarily due to topographic conditions, since pyroclastic flows following the same path either decouple or not. Available evidence reported herein from older eruptions also suggests that only a small proportion of nuées generated significant ACSs in each eruption. Therefore, any explanation of the flow decoupling process has to relate it to some eruption-or flow-related factors. Among potential controlling factors are: (a) the initial momentum imparted to the flow by some explosive component; (b) the mass flux; and (c) intrinsic flow characteristics such as mass (volume), temperature or abundance of fine particles. Abdurachman et al. (2000) deduced that the whole nuée ardente activity of 22 November 1994, including the largest event of 10:54, was produced by simple (i.e. non-explosive) gravitational collapse of parts of the dome. The collapse-generated flows of 1997 also produced ACSs. On a more statistical basis, Table 1 indicates for the eruptions since 1930 whether there was reported evidence of explosivity or not, the reported evidence being either indications of an explosive component (vertical column, fallout products in the summit area) or reports of the nuées ardentes as being "eruption-derived" instead of "collapse-derived" ("letusan awanpanas" vs "guguran awanpanas" in Indonesian) in the terminology commonly used by local volcanologists at Merapi. Although the assessment of an explosive component may be of poor accuracy, Table 1 shows no good relationship between the reported explosivity of the eruptions and flow decoupling. Although a component of momentum provided by explosive decompression from the dome would likely enhance flow mobility and favour decoupling, the available evidence suggests that this is not a necessary factor. This implies that ACS detachment has to be basically explained within a fully gravity-driven framework.
Stratigraphic and seismic evidence from the 1994 eruption at Merapi strongly suggested that the 1994 large ACSs were generated by the largest flows in volume (Abdurachman et al. 2000) . Independent empirical evidence also suggests that flow volume is influential. There is a consistent relationship between flow decoupling and the travel distance of the BAFs at Merapi (Table 1 ). The travel distance of mass flows has been shown to increase with flow volume (mass) and with slope (e.g. Campbell et al. 1995) . Given such relationships, we suggest that flow volume may be a primary factor controlling the extent of flow decoupling and ACS development. In the case of dome-collapse events, the volume of the flow primarily reflects the volume of the lava portion that detaches from the dome to feed the flow, but additional processes may also contribute to the flow volume, e.g. undermining of rocks from beside the active dome in the summit area, and incorporation of loose surficial material lower on the slope, both being due to erosion by the active flow. Undermining of summit formations by nuées ardentes is common at Merapi, and typically forms breach-shaped depressions through which the flows are focused.
In dome-generated pyroclastic flows, it is likely that a strong positive correlation does exist between the flow volume and the flow eruptive rate (flux). This especially applies to flows that form from pure dome collapse, for which the event of flow feeding is negligibly small compared with the duration of the flow event. The control of the flow behaviour may thus be an interplay between two independent, but here linked, parameters, i.e. flow volume and flux.
The amount of particles that can be transferred into the ash cloud, thus contributing its mass, momentum and ability to detach, depends, for a given flow velocity, on the availability of particles of size small enough to be transferred (Denlinger 1987) . For velocities of the order of 50 MS -1 inferred previously for flows on the Merapi cone, the analysis of Denlinger (1987) suggests that more than 80% of ash of size 3 (0.125 mm) and finer would be transferred into the ash cloud. The more ash that is transferred into the ash cloud, the more the BAF should be depleted in ash. We have tried to check whether differences exist in ash content among the BAF deposits of Merapi, especially between those from ACS-forming eruptions such as that of 1994 and those lacking ACS such as those of 1984 and 1992 (Fig. 6 ). Figure 7 shows that the BAF samples from the 1994 eruption are neither poorer in coarse to medium ash nor in fine ash than the 1984 and 1992 samples. On the other hand, samples from the 1994 ACS deposits are richer in coarse to medium ash or in fine ash or both, compared with the 1994 BAF samples. The whole material of the 1994 flows being some addition of the BAF and ACS samples, the data thus indicate that the ACS-generating 1994 flows were richer in ash -both coarse to medium ash and fine ash -than the ACS-lacking 1984 and 1992 flows. Our grain-size data therefore suggest that the pyroclastic flows of Merapi have varying ash contents, and that the amount of ash in the flow may be one factor influential on the degree of ash cloud development and detachment. Fig. 7 . Grain-size data from samples of block-and-ash flow (BAF) facies (1930, 1961, 1969, 1984, 1992, 1994 eruptions) and ash cloud surge (ACS) facies (1994 eruption). LB and UB for the ACS samples refer to the lower (massive) and upper (laminated) layer, respectively (see Fig. 5 ). BAF samples are spot samples, ACS samples are channel samples through the whole layer thickness. All samples (typically 5 kg for the BAF facies and 0.5 kg for the ACS facies) have been dry sieved at 1/2 phi interval, by hand in the field for sizes down to 4 mm (-2 phi) and by RoTap sieving of a splitted sub-sample under 4 mm. Because the block fraction of the BAF samples is not statistically represented in 5 kg samples, the sieve fractions of 16 mm and above are not considered in the data given here. The grain-size parameters used in this plot are designed to express the ratio of coarse-to medium-size ash (above 4 phi) on small lapilli (in abscissa), and the ratio of fine ash (below 4 phi) on ash (in ordinate). For nuées ardentes having no significant ACS component, i.e. the 1984 and 1992 ones in this plot, the BAF sample virtually represents the whole flow material. By contrast, the BAF samples for the other eruptions in this plot are thought to represent only part of the original flow material, another significant part having been entrained into, then deposited by, the ACS component. The 1994 flow material (as it can be reconstructed by considering collectively some addition of the BAF and ACS samples) appears to be finer grained, i.e. richer in ash relative to small lapilli and in fines relative to coarser ash, than the 1984 and 1992 flows Several factors can make the ash proportion vary from one flow to another. One factor is the physical state of the lava portion that collapses from the active dome, where large gradients in rheological properties, temperature and pore pressure are expected and likely influence the degree of comminution of the lava as it breaks during the collapse and flow stages. Another factor is the proportion of pre-eruptive solid material that may be incorporated in the flows, either by flow-induced undermining and erosion processes or by some explosive fragmentation at the vent. In both cases, cold, solidified lava is expected to fragment differently from hot, partially molten, lava.
Conclusion
The main hazards from dome-generated pyroclastic flows at Merapi are related to flow decoupling processes that allow portions of the ash cloud to detach from the main flow body (the block-and-ash flow) and escape from the valleys. The blown-down-tree patterns in the area destroyed by the ACSs in 1994 (Kelfoun et al. 2000) and the extent of destruction mapped in older eruptions suggest that there are two distinct locations for flow decoupling and ACS detachment. A major site is the break in slope at the foot of the proximal cone. We suggest that surge detachment there is basically due to rapid deceleration of the dense underflow at it reaches the foot of the cone, which allows the ash cloud to shear over it. The second site for flow decoupling is beyond the foot of the cone, above the valleys followed by the block-and-ash flow. Flow decoupling there gives ACS components that are apparently minor in volume and lateral extent compared with those that can form at the foot of the cone; however, they seem to be more common, judging from the distribution of the destruction areas. Ash-cloud surge detachment above the valleys is favoured by the small cross sections of the valleys and the low height of the valley walls at Merapi for several kilometres from the foot of the cone. Ash-cloud surge detachments at the foot of the cone may generate large ACSs that travel a direct path from there and whose extent is not controlled by the valleys, in contrast with valley-derived ACSs. Detached ACSs may travel well ahead of the BAF front and leave surge deposits beneath the BAF facies in valleys, correlating with ACS facies outside the valleys, as exemplified by the 1994 eruption (Abdurachman et al. 1994) . However, in interpreting surge-like discrete layers in ancient block-and-ash flow sequences, it may be difficult to decipher whether the surge was derived from a co-genetic block-and-ash flow in the way described herein.
The likelihood and extent of ACS detachment, and the travel distance, velocity and destructive power of the ACS once detached, basically depend on the mass and momentum acquired by the ash cloud along the steep cone. We suggest at least two factors favouring ACS development, then detachment. One is the amount of ash (typically <0.1 mm) supplied and produced during flow along the steep slope. This may depend on the rheological state and pore pressure of the lava portion that collapses from the active dome, and also on the ratio of hot lava to older cold material that is incorporated into the flow. The second factor is flow volume, which is controlled primarily by the volume of the portion of active dome that collapses, but also by the volume of pre-eruptive material eventually incorporated by erosion and undermining. Volume is likely to vary more from flow to flow than the amount of ash, and best explains the observed relationship between the occurrence of ash-cloud surges and the travel distance of the block-and-ash flows.
